A scalar potential obtained from the D-term in the Supergravity models, responsible for the inflationary phase in the early universe, is studied. The potential has a very slow roll feature in comparison to various other plateau type inflationary potentials. Thus, a much lower tensor-toscalar ratio is obtained in this case. The predicted values of the inflationary observables are well within the 1-σ bounds of the recent constraints from Planck'18 observations. The era of reheating after the inflationary phase is also studied and the bounds on the reheating temperature (Tre) is calculated for different equation of states during reheating (wre) for the Planck'18 allowed values of the scalar spectral index (ns).
I. INTRODUCTION
Cosmological inflation is an era of rapid exponential expansion of the universe which is necessary to solve the initial condition problems (e.g. horizon, flatness problem). It was quickly perceived that inflation not only solves the initial condition problems but also essential in realising the structural formation of the Universe due to the fluctuations of the inflaton field [1, 3] . There are numerous models of inflation proposed in literature (cf. [1, 2] ) since the idea was first established by Allan Guth [4] . For the earlier seminal works on inflation reader is suggested to go through [5] [6] [7] [8] [9] . With the recent advancement in observational cosmology, Cosmic Microwave Background(CMB) experiments such as the Wilkinson Microwave Anisotropy Probe (WMAP) [10] , Planck mission [11] have constrained the inflationary observables quite stringently. In particular, the Planck 2015 inflation analysis [11] has ruled out many popular models of inflation. In 2018, the final results by the Planck mission is reported in [12, 13] which has constrained the inflationary models even more. As gravity plays a crucial role in cosmology, consideration of local supersymmetry i.e, Supergravity models in particle physics could be very much relevant in the context of inflation. It has been found that Starobinsky type plateau inflation potential [14] could satisfy low tensor to scalar ratio(r) and such potential could be achieved in Supergravity with appropriate choice of Kähler potential of no-scale form [20] where the quadratic term in the scalar potential is suppressed. There are both F term and D term scalar potential in Supergravity models and either one of them could play the role of inflationary potential. However, in general, with F term there is so called η problem resulting in lack of required slow roll necessary for inflation. Here, we shall consider D term inflation. With appropriate choice of no-scale Kähler potential, Minimal Supersymmetric Standard Model (MSSM) superpotential and the gauge kinetic function, it is possible to obtain a Starobinsky like plateau inflation with Higgs and sneutrino scalar fields [16] . However, although supergravity inspired power law plateau inflation potential could give small r, but as found in [17] , the number of e-folding(N e ) during inflation is much lesser than the required number of e-foldings to match the observations. Very recently from F term scalar potential with kinetic term for the inflation field in approximate canonical form, low tensor scalar ratio has been obtained [18] . However, in this work with appropriate choice of Kähler potential and MSSM superpotential with up and down type Higgs scalar fields, we have obtained D term scalar potential along with kinetic term for the inflation field in canonical form for which it has been shown that low r as well as justified number of e-foldings could be achievable apart from satisfying other CMB observables. The rest of the paper is organised as follows. In section II, we will discuss the basic formalism of SUGRA and F and D term scalar potential. In section III, the inflationary observables are calculated using the potential proposed in section II and are compared with the recent observational bounds. Then in section IV, we have analysed the reheating era after the end of inflation and reported the bounds on the reheating temperature (T re ) as well as reheating number of e-foldings (N re ) for different equation of states during reheating (w re ). Finally in section V we have drawn the conclusion from our analysis.
II. INFLATIONARY POTENTIAL FROM SUPERGRAVITY
N = 1 supersymmetry has lots of resemblance with the Standard Model of particle Physics as far as the matter fields corresponding to one of the supersymmetric partners are concerned. This can be the effective theory at low energy which is hierarchically much smaller than the Planck mass. In that case, low energy dynamics could be expected to be governed by N = 1 supergravity theory. In D = 4 and N = 1 supergravity models the tree level scalar potential V has contributions from F term and D term and expressed as:
V F is determined in terms of superpotential W and the Kähler potential K which are functions of chiral scalar superfields φ i and φ * i and is written as:
where Kähler function, G = K + ln W + ln W * . Potential V D depends on gauge symmetry and is related to gauge kinetic function. The Kähler potential is written as:
where
l k φ l , and T a is the group generator, g a is the corresponding gauge coupling, f ab is the holomorphic function of superfield φ i . The kinetic energy term for the scalar fields in the Lagrangian is given by
where K j * i is the inverse of the Kähler metric
Following [15, [19] [20] [21] we consider Kähler potential as:
where H u and H d are up and down type Higgs scalars and M p is the reduced Planck mass. Such construction corresponds to no scale supergravity [19] , as the supersymmetry breaking scale remains undetermined at the tree level and the scale may be set by considering perturbative corrections. Construction of Kähler potential for more than single chiral superfields was particularly considered in [20] and their stable de Sitter vacua were discussed in [21] . In our case, supersymmetry breaking scale could be much lower than the inflation scale. We have considered a minimal gauge-invariant holomorphic term in the superpotential:
where µ parameter is considered to be relatively very small at high energy scale of inflation but becomes significant near supersymmetry breaking scale. The Yukawa interaction terms associated with masses of lepton and quarks which are also gauge-invariant and holomorphic, have not been considered in the superpotential due to smallness of Yukawa couplings. Writing up and down type Higgs scalars H u and H d as
and considering SU (2) L symmetry generators as the Pauli matrices, U (1) Y hypercharges for H u and H d as 1 and -1 respectively and choosing gauge kinetic function f ab = δ ab in Eq. (3), the D term for the scalar potential can be written (in units of M P = 1) as:
Using the parametrization φ 
There is no natural scale for the parameter µ. We consider it of the order of electroweak scale. It being much smaller than the the energy scale where inflation occurs, the V F term in the scalar potential which is proportional to µ 2 then is expected to be smaller than the V D term in the scalar potential. Only V D term will be considered for scalar potential in our subsequent discussion for inflation. However, the kinetic term as follows from Eq. (4) is:
which is not in its canonical form. To relate with observational data we have to consider a field for which the kinetic term can be written in its canonical form. The above L kinetic term in terms of a field ξ in a canonical form should be
Using Eq. (11) and (12), the φ field can be related to ξ field as:
For real φ and real ξ, if we rewrite V D in terms of ξ, the scalar potential is not suitable for inflation because of steep rise of above trigonometric function for higher ξ. However, considering these fields to be purely imaginary, their real part vanishes, i.e, Re[φ] = Re[ξ] = 0 and using the relation tan(iIm[ξ]) = i tanh(Im[ξ]) the above relation between two fields becomes:
Writing Im[ξ] = ϕ, the scalar potential V D can be written in terms of physical real ϕ field (keeping reduced Planck mass M p = 2.435 × 10 18 GeV) as:
where ϕ is the inflation field. If we consider tan β ∼ 1 the above D term scalar potential is found to be ideal for inflation. It has the property of having even slower roll than other plateau type power law potential because of the presence of hyperbolic T an terms which varies more slowly at higher values of the field. (c) Figure 1 : Plots of ns,r and α as a function Ne respectively in 1a,1b, 1c. The light blue shaded region corresponds to the 1-σ bounds on ns from Planck'18. The deep blue shaded region corresponds to the 1-σ bounds of future CMB observations [22, 23] using the same central value for ns in 1a. In 1b and 1c the bounds on ns is transferred to the bounds on Ne.
III. INFLATIONARY OBSERVABLES
Considering the factor The slow roll parameters and η are defined as [24, 25] :
Here prime denotes the derivative with respect to ϕ as usual. The amount of inflation is described in terms of number of e-folds (N e ) during the inflationary epoch and is given by:
where ϕ e is denotes the end of inflation which can be calculated using the end of inflation condition ( = 1) and ϕ 0 is the value of inflaton field at the time of horizon exit. The inflationary observables, scalar spectral index n s , tensor to scalar ratio (r) and running of the scalar spectral index ( dns d ln k ) are respectively defined as:
The amplitude of scalar perturbation is defined as:
The analysis is done keeping the amplitude consistent with the observational value measured at the pivot scale (k) of 0.05 Mpc −1 (A s (k 0 ) = 2.0989 × 10 −9 ). For the potential mentioned in (15) it is not possible to solve Eq. (17) analytically. So here, we use the numerical approach, by varying the e-fold (N e ) over a wide range and doing the necessary quadratic polynomial fitting. One can establish the relation of n s , r, α in terms of N e as follows: Table I . 
IV. REHEATING PARAMETERS
At the end of inflation (for the cold inflationary scenario), universe ends up in a super-cooled state. Thus to enter the radiation dominated era and to start the standard Big Bang Nucleosynthesis(BBN), there is an era of reheating of the universe which is required after the end of inflation [26] [27] [28] [29] [30] [31] [32] . For other realisation of inflationary dynamics e.g. Warm inflation, reader is suggested to go through Ref. [33] [34] [35] [36] where the universe can directly enter the radiation dominated era after the end of inflation. This evolution of the universe from the supercooled state to a hot, thermal and radiation dominated state can be realised either through the perturbative reheating or the parametric resonance process better known as (p)reheating (For detailed discussion reader is suggested to follow [37] ). In cases of potentials like ours, the process of reheating of the universe happens mostly due to the (p)reheating process during the fast roll phase right after the end of the slow roll violation. The epoch of reheating can be parameterised by N re (number of e-foldings during the reheating phase), T re (thermalisation temperature) and the equation of states during reheating (w re ) [38, 39] . Without going into the actual dynamics of governing the reheating phase one can still explore these parameters indirectly.
If one consider w re to be constant during the reheating era then the energy density of the universe can be related with scale factor by using ρ ∝ a −3(1+w) as:
where subscripts end is defined as the end of inflation and re is the end of reheating era. Replacing ρ end by (3/2)V end
The density and temperature are related as:
re .
Here g re is the number of relativistic species at the end of reheating.
Using (24) and (25) and following the derivation from [40] [41] [42] one can establish the relation between T re and N re
re (26) Considering that the entropy is conserved from the reheating epoch till today, we can write
where N RD is the number of e-folds during radiation era and e −N RD ≡ a re /a eq . The ratio a 0 /a eq can be formulated as
From the relaton k = a k H k and using the Eq. (26), (27) and (28), assuming w re = 1 3 and g re = 226 (degrees of freedom in a supersymmetric scenario), we can compute the expression for N re
Here we have used Planck's pivot (k) of order 0.05 Mpc −1 . In a similar way we can calculate T re :
To evaluate N re and T re first one need to calculate the H k , N k and V end for the given potential. Using the definition of tensor to scalar ratio
Using Eqs. (21), (22) and (31) for the potential (15) one can establish the relation between n s and H k as: Using the inflation end condition = 1 , one can calculate the V end and then get T re and N re by using Eq. (29), (30) and (32) for different values of equation of state (w re ). The changes of T re and N re for different values of w re is shown in Fig. 2 . We would like to mention that the merging points for the T re plot and the N re plot correspond to the instant reheating scenario thus making N re = 0. Though these merging points should be the same for the two cases but it's not the case because analytical solution of the Eq. (17) cannot be obtained. Thus, due to the numerical solution, there is a little mismatch between the merging points in the Fig. 2a and Fig. 2b .
V. CONCLUSION
In this work we have introduced a particular model of inflation from the D-term SUGRA. In fitting with the observational data, it turns out that the ratio of two neutral scalar fields tan β ∼ 1. This implies that the up type neutral scalar and the down type neutral scalar are of almost equal field strength at the time of inflation. If this relationship holds down to the electroweak scale and this tanβ can be expressed as the ratio of two vevs of these corresponding fields, then it will indicate higher SUSY breaking scale around 100 TeV [43] . This could have some implications at low energy phenomenology that we would like to explore in future. The potential responsible for inflation in our case, is coming for a completely canonical Lagrangian. We have shown, for our case, all the inflationary observables well satisfies the Planck'18 bounds. Also we would like to emphasize that for our inflationary potential low tensor to scalar ratio (r) in the order O(10 −3 ) is achievable. We have also studied the reheating era and calculated the related reheating temperature and the related number of e-foldings. Obviously, when one is studying the inflation and reheating in a supersymmetric model, gravitino overproduction problem needs to be dealt with to have a successful BBN. However, the presence of the gravitino leads to serious cosmological problems depending on its mass and nature. If the gravitino is unstable and has a mass m 3/2 in the range of O(100) GeV to O(10) TeV, then it can completely destroy the notion of successful BBN. To achieve a successful phase of BBN, T re has to be less than 10 7 − 10 8 GeV. On the other hand, if the gravitino is as light as m 3/2 < O(10) GeV and it is stable (that is, the lightest supersymmetric particle (LSP)), the reheating temperature should satisfy [T re ≤ O(10 7 ) GeV (m 3/2 /1 GeV)] for m 3/2 ≤ 100 keV for the gravitino density not to exceed the observed dark matter density [44] . On that note, we would like to comment, for our model with w re = 2/3 and w re = 1, after satisfying all the bounds due to gravitino overproduction, we can have big parameter space for T re which is well inside Planck'18 1-σ bound on n s .
A reconstructed study of inflationary potential [45, 46] in a SUGRA framework and its effects on reheating could be an interesting work that we would like to explore in the future. Also, a parameter estimation using the Monte Carlo Moarkov Chain(MCMC) approach could give us the better understanding of the model as in the case initiated for string motivated models in [47] , which could be used to explore the SUGRA parameter space indirectly. We hope to come back to these in recent future.
